Abstract. Transformer winding deformation is common in transformer faults. Offline monitoring is mostly used in diagnosis of winding deformation, which has some limitations. So an online detecting method based on extraction of current is proposed. The method increases the higher harmonic of the current that flows into the input end of transformer appropriately. This higher harmonic is regarded as sweep frequency source. Current flowing into the input and outlet end of transformer is measured. And high frequency components are extracted to structure response curves. Transformer winding deformation is diagnosed through the analysis of response curves. The simulation results showed that winding deformation can be reflected effectively in this method.
Introduction
Transformer is one of the important equipment in power system, which has great significance to the safe and reliable operation of power system [1, 2] . Transformer winding deformation is one of the main types of transformer faults because the anti-short circuit ability is poor [3] . Thus, it is necessary to detect transformer winding deformation in a timely and effective manner.
Frequency response analysis (FRA) [4] is a widespread method to detect transformer winding deformation. FRA has high sensitivity in actual measurement, and can detect the transformer without windlass cover, which is easy to operate. But it is an offline detection method. State of the transformer that is offline is inconsistent with the transformer in operation, which affects the measurement and judgment. In contrast, online monitoring method diagnoses transformer when it is in the running state. Compared with the offline testing, it can find winding fault in time and improve authenticity and sensitivity of the diagnosis. Online monitoring method can accumulate a large amount of data. Current data and historical data of transformer winding are put into comprehensive analysis to reduce the error on regular inspection [5] . Literature [6] introduced an online diagnosis method based on the short-circuit reactance method. Voltage and current signals in the primary and secondary side were measured to calculate equivalent Short-circuit reactance of the transformer. The results of the calculation were compared with short circuit reactance of the nameplate to diagnose deformation degree of transformer winding, which ignored the influence of the field test environment on the test data. Literature [7] introduced a set of winding online monitoring system based on pulse injection. The test signal was injected through capacitive voltage divider which was installed on the main feeder of the transformer. The signal may affect the normal operation of transformer, and it may cause interference to other devices.
In view of the above analysis, an online detecting method based on current extraction method is proposed in this paper. And simulation was conducted to prove the correctness and feasibility of this method.
Principle of FRA
The transformer winding is equivalent to a passive linear network which consists of distributed inductance and capacitance when it is in the high frequency signal excitation, because the core permeability and air permeability are almost the same in this case [8] [9] [10] [11] . Frequency response characteristic is the outstanding properties of this system. The frequency response characteristics are exclusive for a certain network. When the transformer winding deformation occurs, parameters of the winding equivalent network will change, and the frequency response curves will also alter reflecting at the frequency response characteristics of winding. Winding deformation is distinguished by comparing the difference of frequency response curves based on FRA [12] . A sinusoidal voltage sweep signal is exerted at the side of the transformer winding. And the response signal is measured at the other side of the winding. Then the frequency response curve is drawn out by processing the data. When using FRA, the expression of the winding transfer function is shown in Eq. 1.
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Where, U i (ω) is the amplitude of the input frequency sweep voltage signal. U o (ω) is the amplitude of the output frequency sweep voltage signal.
Principle of current extraction method
With the development of power electronic technology and microelectronics technology, a large number of nonlinear devices are used in power system, which causes serious harmonic pollution to power system. Non-sinusoidal current signal with 2π/ω for cycle generally meets the Dirichlet condition, and can be decomposed into fundamental wave and a series of different frequency harmonic using Fourier series, as shown in Eq. 2. Where, the harmonic order is the ratio of integers about harmonic frequency and fundamental frequency.
The relations among each value are shown from Eq. 3 to Eq. 6. (6) The content of n-th harmonic current component is usually shown by the containing rate of n-th harmonic HRI n , which is the percent of effective value between harmonic current and fundamental current, as shown in Eq. 7.
Actually the higher harmonic content is too low to be detected, which reduces the accuracy of FRA. Current extraction method is proposed to improve the problem in this paper. Nonlinear components are installed in the input end of the transformer to appropriately raise the higher harmonic content of the current that flows into the transformer. The higher harmonic is regarded as sweep frequency source. The current is measured at the input and outlet end of transformer. The high frequency components of the current are extracted through signal processing methods. The FRA expression is H(ω)=20lg(I o (ω)/I i (ω)). Finally the frequency response curves are structured to analyze and diagnose transformer winding deformation.
Simulated analysis

Establishment of simulation model
Matlab was used to establish simulation model, which has 6 levels, as shown in Figure 1 . Sinusoidal current frequency sweep signal was added on one side of the winding to simulate the high-frequency current signal which flows into the input end of the transformer after the adjustment Figure 1: Equivalent model of transformer winding. Where, L is the winding inductance. C is the winding ground capacitance. K is the winding longitudinal capacitance. R i is the input matching resistor. R o is equivalent resistance of output measurement loop. R 1~R9 are equivalent resistances standing for the winding loss, which are represented by R in Table 1 . There is important influence on the frequency response characteristics of transformer winding to take the winding loss into consideration. In this simulation, the distribution parameters of the transformer winding are assumed as uniform distribution parameters, as shown in Table 1 .
Paramet er 
Simulation with current extraction method
L, K and C of the model will change when winding deformation happens, which causes the position of the peaks and troughs in the frequency response curve change. Different parameters are changed to simulate transformer winding deformation in this simulation. The frequency response curves that are measured before and after the winding deformation are compared to diagnose the winding deformation and prove the correctness of this online monitoring method.
Different types of deformation
Take the parameters change in level 5 for example. L, K and C in level 5 are increased by 20% successively, and the frequency response curves are shown in Figure 2 . Dotted line represents the winding under normal conditions, and solid line represents the winding after changing parameters. Curves behind are similar to this expression format. Table 2 . It is obvious that the curves are sensitive to the change of L and C, but they are insensitive to K. Rough types of winding deformation can be confirmed according to the characteristics of the frequency response curves.
Offset
There is no offset in all peaks.
Peaks of 3 and 5 decrease.
Peaks of 2, 3, 4 and 5 shift to the left.
Peaks of 1, 3, 5 and 6 decrease, but peaks of 2, 4 and 7 increase Table 2 : Contrast of frequency response curves after increasing L 5 , K 5 and C 5 by 20% successively.
Different degree of deformation
Take the parameters change in level 5 for example. L, K and C in level 5 are increased by 10%, 20% and 30% successively. Simulation results showed that different degree of deformation can be diagnosed effectively by comparing the difference among the curves. The change of L is illustrated which is shown in Figure 3 and there are no unnecessary details about the rest of the frequency response curves about K and C. Figure 3 shows that with the increase of L 5 , the degree of peaks 1, 3 and 5 that shift to the left is increasing. And the decrease extent of these three peaks is also on the rise. Therefore the degree of deformation can be diagnosed by analyzing frequency response curves.
Different location of deformation
L, K and C are increased by 20% at level 1, 3, 5, 7 and 9 successively. Results showed that winding deformation at different locations can be diagnosed effectively by comparing the differences among the curves. The change of L is illustrated which is shown in Figure 4 and there are no unnecessary details about the rest of the frequency response curves about K and C. The results showed that the change of the frequency response curves is central symmetry about level 5, that is curves of level 1 is the same as level 7, so is level 3 and level 9. So the repetitive curves of level 7and 9 are not shown. Contrast of frequency response curves in Figure 4 is shown in Table 3 . Peaks of 1, 3 and 5 decrease, but others do not change. Table 3 : Contrast of frequency response curves after increasing L by 20% in different positions.
Conclusions
(1) In view of the problems about offline detection, an online detecting method based on current extraction method is proposed in this paper. Nonlinear components are installed at the input end of the transformer to appropriately raise the higher harmonic content of the current that flows into the transformer. And the higher harmonic is regarded as sweep frequency source. Measure the current at the input and outlet end of transformer and extract the high frequency components of the current. Finally structure the frequency response curves to analyze and diagnose transformer winding deformation. The simulation results of different fault condition showed that this method can diagnose winding deformation effectively.
(2) In this method, the extraction and screening of high frequency component from the measured current data need further researches.
